The stability and regulation by oxygen of mRNAs for the photosynthetic apparatus in Rhodobacter capsulatus have been studied by using proflavin to inhibit transcription and by shifting cells from anaerobic to aerobic conditions. The results from the inhibition experiments show that the mRNA for the light-harvesting LH-II polypeptides (,, a) is more stable than that for the light-harvesting LH-I polypeptides (0, a) during anaerobic growth, whereas the mRNAs for the reaction center polypeptides L (RC-L), M (RC-M), and H (RC-H) are less stable than both the LH-I and LH-II mRNAs. When photosynthetic cells are shifted from anaerobic to aerobic conditions, an immediate decrease in the levels of mRNA for the LH-I, LH-II, RC-L, RC-M, and RC-H proteins was observed. The level of mRNA for the LH-II proteins, however, is more sensitive to oxygen and is reduced faster than the level of mRNA for the LH-I proteins. These results suggest that oxygen represses the expression of genes coding for the light-harvesting antenna and reaction center complexes and may selectively accelerate the degradation of mRNA for the LH-II proteins. The mRNAs for several enzymes in the bacterioclhlorophyll biosynthetic pathway are regulated by oxygen in a similar manner. The mRNAs for carotenoid biosynthetic enzymes, however, are regulated by oxygen in a different way. We have found that the amounts of mRNAs for carotenoid biosynthetic enzymes, relative to the amounts of mRNAs for LH and RC, increased during the shift from anaerobic to aerobic conditions. We have particularly shown that although the expression of most photosynthetic genes in R. capsulatus is repressed by oxygen, the crtA gene, located in the BamHI H fragment of the R' plasmid pRPS404 and responsible for the oxidation of spheroidene to spheroidenone, responds to oxygen in an opposite fashion. This enzymatic oxidation may protect the photosynthetic apparatus from photooxidative damage.
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Rhodobacter capsulatus (19) , which normally inhabits muddy lake bottoms and sewage lagoons, is a gram-negative, facultative, photosynthetic bacterium. It can generate metabolic energy by either aerobic respiration or anaerobic photosynthesis depending on the oxygen concentration and light intensity in its environment. The photosynthetic apparatus is composed of pigment-protein complexes for the conversion of light to chemical energy, including a shortwavelength light-harvesting antenna, LH-II (also denoted B800-850 by its near-infrared absorption maxima), a longwavelength light-harvesting antenna, LH-I (also denoted B870), and a reaction center complex consisting of three polypeptides (RC-L, RC-M, and RC-H). Each of these complexes binds bacteriochlorophyll and carotenoid pigments. The photosynthetic apparatus contains additional electron transport proteins to complete the cyclic pathway of electron transport. A decrease in oxygen concentration induces formation of the photosynthetic apparatus, which is localized within invaginations of the cellular membrane known as the intracytoplasmic membrane (16, 20, 26) . High levels of oxygen inhibit the formation of the photosynthetic apparatus, and under these conditions the cells use oxygen as a terminal electron acceptor for energy generation trols photosynthetic gene expression is unknown.
The effects of oxygen on various photosynthetic functions have been well documented. Early studies by Cohen-Bazire et al. (12) demonstrated that oxygen represses bacteriochlorophyll biosynthesis in purple nonsulfur photosynthetic bacteria. The control of bacteriochlorophyll formation by both oxygen and light has also been described (1, 2, 27) . The transcription of several genes for bacteriochlorophyll biosynthesis in R. capsulatus has been shown to be regulated by oxygen (4) . In addition, it has been stated that the carotenoid biosynthesis is not directly regulated by oxygen (5) . Recently, we (39) (40) (41) and others (3, 8, 21) have shown that the levels of mRNA for LH-I, LH-II, and RC complexes in Rhodobacter sphaeroides or R. capsulatus are regulated by oxygen. Furthermore, we have found that the levels of mRNAs for several genes coding for bacteriochlorophyll and carotenoid biosynthesis are also regulated by oxygen (39) (24) was cultured on malate-minimal RCV medium (38) . Cells growing photosynthetically (designated PS cells) were anaerobically cultured at 30°C in completely filled screw-cap bottles (170 ml) at a light intensity of (30 W/m2) provided by a bank of lumiline lamps in an incubation chamber. The shift experiment from anaerobic (photosynthetic) to aerobic conditions was performed by abruptly shifting the PS cells to a 2-liter Erlenmeyer flask on a shaker and culturing those cells at the same light intensity and the same temperature with vigorous shaking (300 rpm) to achieve high aeration. In experiments determining the decay of specific mRNAs, cells were cultured photosynthetically to a density of 5 x 108 cells per ml (0.95 mg of protein per ml; 8.5 ,ug of bacteriochlorophyll per mg of protein). Transcription was then inhibited by the addition of proflavin (100 jxg/ml). Samples of 10 ml of cells were harvested just before adding the inhibitor to give a 0-min time point. After the cells were quickly mixed with proflavin and covered with a layer of sterile paraffin oil to exclude oxygen, the remaining cells were cultured under the same conditions and thereafter harvested by pipetting 10 ml each at various time intervals (5, 10, 20, or 40 min or 1, 2, 3, 6, 9, 12, or 24 h) for RNA extraction. The crtA transposon mutant, KZR9A12, used for determining the crtA regulation has been previously described (43) .
Pigment extraction and chromatophore preparation. Total cellular pigments (bacteriochlorophyll and carotenoids) of 10 ml of cells were extracted with and dissolved in 10 ml of acetone-methanol (7:2, vol/vol) for spectroscopic analysis as previously described (9) . For the chromatophore absorption study 5 ml of photosynthetically or aerobically grown cells was harvested and suspended in 1 ml of Tris (5 mM, pH 8.0)-EDTA (5 mM) buffer as described previously (39) . The absorption spectra of the pigments in acetone-methanol and of chromatophores in Tris-EDTA buffer were measured in a Cary 118 and a Varian 2300 spectrophotometer, respectively, based on total cell number or amounts of protein. Protein concentrations were assayed by a modified Lowry method (23) .
Extraction and thin-layer chromatography of carotenoids. Cells were harvested and extracted with acetone-methanol as above under N2 and in dim light. After solvents were evaporated with a stream of N2, the pigments were redissolved in petroleum ether and spotted onto an analytical silica-gel plate for thin-layer chromatography. The solvent system for chromatography was petroleum ether-acetone (9:1).
Plasmid, M13 phage, and synthetic oligonucleotide probes.
The plasmid, M13 phage, and oligonucleotide probes for various genes coding for LH and RC proteins and for bacteriochlorophyll and carotenoid biosynthetic enzymes were prepared as previously described (39) and are listed in Table 1 and Fig. 1. RNA extraction, dot blots, and Northern hybridization. Total cellular RNA was extracted as previously described (40) , except that a minipreparation was developed by reducing the cell volume to 10 ml to handle large numbers of samples more easily. The yields of total RNA per 10 ml of cells was about 300 ,ug, enough for dot blots and Northern hybridization analysis. The labeling of plasmid DNA, phage DNA, oligonucleotides, and all dot blot and Northern hybridizations were as previously described (39, 42 Fig. 2 and then harvested at different time points as indicated. Only the absorption peaks of carotenoids at 427, 453, and 484 nm are presented. even 10 min after the cells were exposed to oxygen (data not shown) and gradually became more significant with time (from 0 to 24 h) (Fig. 3) . Such changes in absorption by carotenoids indicate that the composition of carotenoids underwent a significant alteration when the PS cells were exposed to oxygen. This conclusion was verified directly by thin-layer chromatography (data not shown). Based on published thin-layer chromatography and mass spectroscopy analyses (28), we have found that the major carotenoid of the PS cells was spheroidene. After the PS cells were shifted to L02 or high 02 conditions, spheroidene was converted to spheroidenone. This conversion was correlated with oxygen concentration. The steady-state aerobic cells had much less total carotenoids; spheroidenone was the major carotenoid under these conditions. In agreement with the pigment absorption spectra, we have also observed by thin-layer chromatography that the amount of carotenoid relative to bacteriochlorophyll increased after the cells were shifted to high oxygen.
These results were also demonstrated by measurement of absorption spectra of chromatophores from cell lysates (Fig.  4) . The chromatophores had absorption peaks at 375, 510, 800, and 855 nm due primarily to bacteriochlorophyll complexed to light-harvesting proteins and at 450, 480, and 510 nm due to carotenoids. After the PS cells were shifted to aerobic conditions, the absorption by carotenoids in chromatophores was reduced and the shape of the peaks was altered as for the extracted pigments. The amount of carotenoid relative to LH-I and LH-II, however, was found to increase in response to high oxygen. LH-I LH-II complexes, as measured by bacteriochlorophyll absorption peaks at 870 and 800 to 850 nm, respectively, also diminished after shifting to L02 or 02, and they were absent in steadystate aerobic cells except for a minor peak attributable to LH-I at 870 nm. The peak at 855 nm is composed of bacteriochlorophyll absorption from both the LH-I and the LH-II complexes. The decrease in the LH-I and LH-II complexes in response to oxygen may result from the decreased biosynthesis and dilution of the existing LH pool by cell division.
Decay of rRNA and mRNAs for LH-I and LH-II polypeptides and the effects of oxygen. One possible mechanism for regulating gene expression in response to oxygen would be to increase the decay rate of certain mRNAs after a shift from anaerobic conditions. To test this hypothesis, we measured the change in the levels of RNA under various conditions. As a control, we measured the half-lives of selected mRNAs after the addition of the transcriptional inhibitor proflavin to the cell culture by using Northern hybridization (Fig. 5) and dot-blot analysis. The genes coding for the LH-II proteins had one transcript (0.5 kilobase [kb]), whereas the genes coding for the LH-I proteins had two transcripts: a 0.5-kb transcript coding for the LH-I proteins only and a 2.6-kb transcript coding for LH-I, RC-L, and RC-M proteins and an as yet unidentified open reading frame (39) (Fig. 5) . The half-life of the 0.5-kb LH-II mRNA Wovelength (nm) FIG. 4 . In vivo absorption spectra of chromatophores of R. capsulatus under different oxygen conditions. Chromatophores were isolated from cells cultured under the different oxygen conditions as described in the legend to Fig. 2 and in Materials and Methods and were then subjected to infrared-visible absorption spectroscopy as previously described (38) . Northern hybridization with probes specific for the LH-II, LH-I polypeptides, and rRNAs to RNA from a photosynthetic culture of R. capsulatus after treatment with proflavin. Cells were grown photosynthetically on RCV medium for 1 day and then treated with proflavin (100 ,ug/ml) as described in Materials and Methods. The 0 point represents RNA samples harvested just before addition of proflavin. The points at 5, 10, 20, 40, and 60 min represent samples removed after proflavin treatment. Total RNA was extracted using a mini preparation. Equal amounts of RNA were fractionated on an agarose gel and then transferred to nitrocellulose (LH-II) or Gene Screen (LH-I, rRNA) and hybridized with 32P-labeled probes for the LH-II, LH-I, and rRNA as previously described (41) . The probes are listed in Table 1 and Fig. 1 . was 24 min, whereas the half-lives of the 0.5-kb LH-I mRNA and the 2.6-kb polycistronic mRNA were 19 and 10 min, respectively. These results suggest that, under steady-state photosynthetic growth conditions in the presence of proflavin, the mRNA for the LH-II is more stable than the mRNA for the LH-I, and that the 0.5-kb mRNA for the LH-I proteins alone is more stable than the 2.6-kb mRNA which also codes for the RC-L and RC-M. For the purposes of comparison, we measured the half-life of rRNAs which have the 23S, 16S, 14S, and 5S species (Fig. 5) . Normally the 23S rRNA is unstable and is specifically degraded to the 16S and 14S rRNA during extraction (25) . The half-life of total rRNA was about 24 min, as measured by dot hybridization with pRC1 containing 23S, 16S, and 5S rRNA as a probe (35) .
We also examined the stability of mRNAs after shifting from photosynthetic to 02 growth. There were no significant changes in the amounts of rRNA after this shift (16S, 14S) (Fig. 6) . However, the mRNAs for the LH-II and LH-I L H-IJ decreased markedly. The mRNA for LH-II decreased with a half-life of 17 min, whereas the mRNA for LH-I decreased with a half-life of 23 min. Therefore, the level of mRNA for the LH-II is more sensitive to oxygen than is that for the LH-I (Fig. 6) .
Decay BamfHI-H, -M, -G, -J) or bch (in BamHI-E, -D) genes ( Fig.  1) (31, 41) . We used these DNA fragments as probes for dot hybridization to determine how the levels of mRNA for pigment biosynthetic enzymes change during the 02 shift, and we observed a broad range of responses. The kinetics of mRNA decay was similar to that for the LH and RC proteins when the fragments BamHI-E (bchD, bchG, and bchJ) and BamHI-J (crtF, crtE, and an unidentified, heavily transcribed gene) (39) were used as probes (Fig. 8 ). In contrast, the level of mRNAs from the BamHI-D fragment (bchF, bchK, and bchH) decreased during the first 20 min after the shift and then increased in the next 40 min (Fig. 8) . In general, the levels of mRNA from fragments containing crt genes increased relative to that of mRNA for RC and LH during the shift from anaerobic to aerobic conditions. An increase in total mRNA level was found for the BamHI M fragment (data not shown), which only contains the crtE gene based on genetic (4, 31) and our unpublished DNA sequencing data. The level of mRNA hybridizing to the BamHI G fragment (crtC, crtD) decreased, but to a far smaller extent than the mRNAs for LH, RC, and bacteriochlorophyll biosynthetic enzymes. The increased mRNA level was most noticeable for the BamHI H fragment containing the crtA gene; it reached a maximum of about twofold 1 h after the shift (Fig. 8) . Although the BamHI H fragment has been mapped to contain other genes, we attribute this response mainly to the crtA gene, since the significant stimulation of mRNA by 02 was not observed in the crt transposon mutant KZR9A12 (data not shown). DISCUSSION R. capsulatus and other facultative anaerobes such as Salmonella typhimurium and Escherichia coli regulate gene expression for anaerobic and aerobic metabolism depending on environmental conditions, but the events controlling these processes are not well understood. Buck and Ames (6) suggested that tRNA modification, which mediates attenuation of transcription, may play a role in this control in Salmonella species. Yamamoto and Droffner (33) found that activity of topoisomerase I, associated with relaxation of chromosomal DNA in Salmonella species, is necessary for the expression of genes required for aerobic growth, whereas activity of gyrase, associated with supercoiling of chromosomal DNA, is necessary for expression of genes required for anaerobic growth. In this study we have examined the levels and stability of mRNAs from a number of photosynthetic genes and investigated the effects of oxygen on the transcription and the turnover of mRNAs.
Our previous studies on oxygen and light effects (39) and others (3) showed that two transcripts which code for pigment-binding proteins, a short 0.5-kb mRNA from LH-I and a longer 2.6-kb mRNA for LH-I, RC-L and RC-M polypeptides, have different stabilities. In the present study a thorough investigation of the stabilities of mRNAs for light-harvesting (LH-I, LH-II) and reaction center (RC-L, RC-M, RC-H) proteins and for some bacteriochlorophyll and carotenoid biosynthetic enzymes has been conducted by inhibiting the initiation of transcription with proflavin and then measuring the decay of the mRNA by means of dot blots and Northern hybridizations. Proflavin is known to inhibit transcription by intercalating with DNA template, a mechanism similar to that of actinomycin D (7, 32) . Actinomycin D has been shown to block transcription of the genes coding for photosynthetic membrane proteins in R. capsulatus (13) . The results of half-lives of mRNAs for LH-I and RC proteins measured using proflavin as inhibitor of transcription in this study well agree with the previous results of R. capsulatus and R. sphaeroides with rifampin or actinomycin D as an inhibitor of transcription (3, 13, 40 Fig. 7 . The probes used for dot hybridization were pBR325 plasmids containing the BamHI E, J, D, and H fragments. These clones and the genes harbored in these clones are listed in Table 1 . The arrows underneath BamHI refer to the vertical axis for each set of measurements. kb) has greater stability than the RC mRNA under photosynthetic conditions. Comparison of the abundance of the LH-I and LH-II mRNAs by using specific oligonucleotide probes of the same length indicates that the LH-II mRNA is more abundant than the LH-I mRNA (data not shown), and the ratio of RC mRNA to LH-I mRNA is about 1:10 to 1:20 (3, 39, 40; this study). The stoichiometry of the RC, LH I, and LH-II polypeptides (RC-LH-I-LH-II, 1:10 to 20:0 to 80) in the membrane (15) can well be explained by the difference in abundance of the respective mRNAs. The difference in the abundance of mRNAs, however, cannot be-accounted for only by the difference in the mRNA decay rates (half-life RC-LH-I-LH-II, about 1:2:2.5). The data thus suggest that the differential rates of transcription of the genes for these pigment-binding proteins must account for the difference in the abundahce of their respective mRNAs and ultimately for the stoichiometry of the assembled protein complexes.
Kinetic studies of mRNA decay demonstrate that the levels of mRNA for LH, RC, and bacteriochlorophyll biosynthesis were immediately reduced after the PS cells were shifted to aerobic conditions. In contrast, the contents of LH, RC complexes, and bacteriochlorophyll and cell growth did not show significant changes during a corresponding short term (1-h) of oxygen shift (data not shown), indicating that the level of mRNAs is more sensitive to oxygen compared with their proteins. It is likely that oxygen inhibits transcription somehow and then, in certain cases, stimulates the degradation of mRNAs. Our data for this argument are twofold. First, for the majority of genes studied, including those for LH-I, RC-L, RC-M, and RC-H, the decreases in mRNA levels upon exposure to oxygen are similar to the kinetics observed when proflavin was added to photosynthetic cells. This argues that oxygen probably inhibits, the transcription of these genes. Second, in the case of LH-II transcripts, the kinetics of the decrease in mRNA was significantly faster than that observed upon addition of proflavin based on both Northern (Fig. 6 ) and dot hybridization (Fig. 7) . In this case, oxygen probably both inhibits transcription and accelerates the degradation of LH-II mRNA, although the mechanism is unknown. There are several possibilities, namely, that either the LH-II mRNA becomes more susceptible than the LH-I mRNA to RNase attack in the presence of oxygen, or that the LH-II mRNA and LH-I mRNAs are degraded by two types of RNase whose activities have a different sensitivity to oxygen. Alternatively, it also might be possible that oxygen strongly blocks the translation process for LH-II, resulting in release of mRNA from the ribosome where it is attached and increasing its susceptibility to nuclease cleavage.
The mRNAs for bacteriochlorophyll and carotenoid biosynthesis show a number of d-ifferent responses to oxygen. For the BamHI E and J fragnments, the response to oxygen was similar to the LH and RC. The BamHI J fragment contains a heavily transcribed unidentified gene as well as crtF and crtE, which have preViously been mapped (31, 34, 43) . The size of the unidentified transcript is 0.4 kb (39; unpublished data). The response to oxygen of this fragment is due mainly to this small transcript and is similar to that of the genes for RC and LH polypeptides. The nature and function of this unidentified gene remain to be characterized. For the BamHI D probe; the level of mRNA decreased during the. first 20 min after the shift and then increased. From this result we assume that there is an oxygen-induced gene(s) located in the BamHI D fragment which is highly transcribed under steady-state aerobic conditions (39) . When the PS cells were shifted to oxygen, the genes for bacteriochlorophyll biosynthetic enzymes (bchF, bchK, bchH) were repressed, and their mRNAs were degraded at the early stage of aeration, and then unknown oxygenactivated gene(s) in the BamHI D fragment was induced. Since the BamHI D fragment is 7 kb long, it is large enough to accomodate other genes in addition to behF, bchK, and bchH, which have been only roughly mapped by genetic complementation (31, 34) .
For the BamHI H fragment, the level of mRNA increased after the 02 shift. The response to oxygen in this fragment, which occurs in an opposite fashion compared with most other photosynthetic genes, is mainly due to the crtA gene. This conclusion is supported by the result that a transposon insertion in crtA abolishes this response. The crtA gene, which probably codes for an oxygenase responsible for the oxidation of spheroidene to spheroidenone (28) , has been mapped to this restriction fragment. Earlier studies (14, 29) show that when anaerobic cultures of R. sphaeroides, a closely related species, are aerated, the carotenoid pigment spheroidene is enzymatically converted to spheroidenone. In '80-labeling experiments, the added keto group has been shown to be derived from molecular oxygen (30) . Absorption peaks of spheroidenone are red shifted by about 30 nm compared with spheroidene (18, 22) . Our spectroscopic studies of the pigments (Fig. 2 and 3 ) reveal that the carotenoid composition rapidly changed when the PS cells were shifted to oxygen, based on absorption shifts to longer wavelengths between 400 and 500 nm. We have confirmed this result by thin-layer chromatography analysis. Under the photosynthetic conditions, the major carotenoid was found to be spheroidene; under aerobic conditions the major carotenoid was found to be spheroidenone. It has long been understood that carotenoids have two functions in photosynthetic bacteria. They serve both to harvest light energy (10) and to protect the photosynthetic apparatus from photooxidative damage which occurs in the presence of light and oxygen (11) . Here we suggest that the increase in expression of the crtA gene in the BamHI H fragment as well as other crt genes by oxygen represents one type of protection by carotenoids from the potentially damaging effects of oxygen. The oxidation of spheroidene to spheroidenone, catalyzed by an oxygen-activated oxygenase which is coded by the crtA gene, may scavenge oxygen which can cause damage to the photosynthetic apparatus.
